The microstructure and texture evolution in a cold-rolled AZ31 magnesium alloy during electropulsing treatment (EPT) are investigated and correlated with the mechanical properties. The microstructure is effectively refined, and a tilted basal texture develops gradually during EPT. The yield stress in the treated samples is lower than that in the cold-rolled sample, indicating that texture softening is dominant over strengthening because of grain refinement. The phenomenon is primarily the result of the tilted basal texture. EPT improves the tensile ductility of the EPT samples significantly, albeit slightly compromising the tensile strength. The mechanism of the microstructure evolution during electropulsing is discussed from the viewpoint of grain-boundary motion. Moreover, the ductility enhancement is discussed in terms of the deformation mechanism and texture of the Mg alloy.
I. INTRODUCTION
Wrought magnesium alloys are potential lightweight structural materials in the automotive and other industry because of their low density and high specific strength. 1 However, the poor ductility of Mg alloys as a result of the hexagonal crystal structure and associated lack of sufficient slip systems at room temperature have hindered wider applications. Grain refinement is known to significantly improve the ductility and formability of magnesium alloys. [2] [3] [4] By adopting the novel technique of electropulsing treatment (EPT), grain refinement can be achieved in Mg alloys [5] [6] [7] to improve the mechanical behavior via the Hall-Petch effect. 6, 8 The mechanical properties of Mg alloys depend on the texture as well as grain size. 3, 9 Sambasiva and Prasad 9 studied the influence of the texture on grain-boundary strengthening in hot-rolled magnesium and pointed out that the texture affected the Hall-Petch constants via its effect on the orientation factors resulting from the critical resolved shear stress (CRSS) in the individual slip systems. Mukai et al. 3 performed ECAE on AZ31 magnesium alloy and observed a peculiar texture with the basal plane orientation inclined 45 to the extrusion direction. Owing to this texture development, their samples exhibited high ductility of 45% even at room temperature. Accordingly, texture control is one of the effective methods to improve the mechanical properties of Mg alloys. 3, [10] [11] [12] Our previous study 7 revealed that during EPT, the recrystallized grains gave rise to a tilted basal texture. In the work described in this paper, the effects of electropulsing on the mechanical properties of cold-rolled AZ31 magnesium alloy are investigated systematically, and the enhancement mechanism is discussed.
II. EXPERIMENTAL DETAILS
AZ31 magnesium alloy (Mg-3%Al-1%Zn) samples were extruded to form strips 2.9 mm wide and 1.5 mm thick. After annealing at 573 K for 1 h, the extruded strips were cold rolled in a single pass down to a thickness of 1.03 mm corresponding to a compressive deformation rate of 31%. The rolling direction (RD) was parallel to the extrusion direction, and cold rolling was performed without side cracking.
The EPT process is shown schematically in Fig. 1 . The AZ31 strip was treated by multiple electropulsing while moving at a speed of 2 m/min for a distance of 225 mm between the two electrodes. It took about 7 s to move the strip from the anode to cathode. A custommade electropulsing generator was used to supply the positive pulses. The pressure between the electrodes and the strip was sufficient to maintain good electrical contact without deforming the strip. Electropulses with various frequencies and durations (70-80 ms) were applied to the strip. The electrical parameters including frequency, root-mean-square current (RMS), amplitude, and duration of current pulses were monitored by a Hall Effect sensor connected to an oscilloscope. The temperature of the AZ31 strip near the cathode was measured using a Raytek MX2 infrared thermoscope. The cold-rolled strips were subjected to EPT, and the important instrumental conditions are listed in Table I .
Prior to the optical examination, the samples were sectioned, cold mounted, and polished with 6 and 1 mm diamond paste. They were then etched in acetic picral (5 mL acetic acid, 6 g picric acid, 35 mL ethanol, and 5 mL water) for 5 s. The average grain size (d ave ) was calculated from the optical micrographs by the linear intercept method.
The x-ray texture analysis was conducted on the surface of the cold-rolled and EPT AZ31 samples. The uniaxial tensile test was carried out at room temperature at a rate of 0.5 mm/min on the strip specimens with a gauge length of 50 mm. The tensile axis was parallel to the rolling direction. To obtain good statistics, five samples were measured under each set of conditions.
III. RESULTS
A. Microstructure evolution during EPT Figure 2 illustrates the typical microstructure evolution in the cold-rolled (CR) and EPT samples. It has been suggested that twin recrystallization is responsible for the complete recrystallizaton. 7 Figure 2(a) shows that after cold rolling, the deformation structures are generally inhomogeneous, and twins and shear bands are obvious in the large grains. After EPT at 108 Hz [ Fig. 2(b) ], some grain refinement by twin recrystallization has been initiated within the shear bands and twins. As the electropulsing frequency increases, the volume of recrystallization increases and the microstructure becomes reasonably homogeneous after EPT at 196 Hz. As shown in Fig. 2(d) , grain refinement is achieved (d ave = 2.8 mm).
B. Texture evolution during EPT
The cold-rolled sample exhibits grouping around the c-axis along the strip ND, as shown by Fig. 3(a) , and this fiber texture is common in cold-rolled magnesium alloys. 13 As the electropulsing frequency increases, tilting becomes more obvious as shown in Figs. 3(b) and 3(c). After EPT at 108 Hz, the texture is primarily basal (e.g., h0001i k ND). However, the peaks are tilted 5 to 10 away from the ND toward RD. For the higher frequency shown in Fig. 3(c) , the location of the {0001} peak is similar to that in Fig. 3(b) , together with the basal plane orientation rotated 45 to 60 from the TD toward ND. Figure 4 shows the stress-strain curves of the CR and EPT samples. After EPT at 108 Hz, the elongation to failure (EL) increases noticeably to 29% and the ultimate tensile strength (UTS) decreases. As the electropulsing frequency increases, the EL increases and the UTS diminishes. The EL of the sample that has undergone 169 Hz EPT approaches the maximum value of 43%, which corresponds to a 330% increase relative to that of the cold-rolled sample (10%). As the electropulsing frequency increases, the YS decreases noticeably and the strain hardening rate diminishes slightly.
C. Mechanical properties
To determine the effects of the electropulsing frequency on the mechanical property during EPT, we use the relative characteristics Dd and Ds calculated by:
and
where d is the EL and s is the UTS of the sample. As shown in Fig. 5 , when the electropulsing frequency increases, Ds increases slightly from 7%-20%, whereas Dd increases rapidly from 190%-330%. EPT improves the EL significantly, while only having a minor effect on the UTS.
IV. DISCUSSION
According to our experimental results, complete recrystallization at a relatively low temperature takes place within a few seconds (Mg alloy AZ31 is known to recrystallize at 593 K during conventional annealing). In addition to the microstructure changes, the texture changes correspondingly. The tilted basal texture corresponds predominantly to the fine recrystallized grains formed along the shear bands and within twins. We believe that the combined thermal and athermal effects arising from electropulsing are responsible for the enhanced grain boundary migration. 7 The enhancement expedites the interchange between vacancies and single atoms 5, 14 thereby increasing the nucleation rate and reducing the growth rate of the majority of the recrystallized grains. Accordingly during EPT, complete recrystallization at a relatively low temperature can take place within a few seconds.
During EPT, the thermal and athermal effects give rise to an additional driving force:
where P th is the local thermal compressive stress given by P th = (2aDS grad T)/j [DS is the difference in the entropy between the grain boundary and crystal (approximately equal to entropy of melting), grad T is the temperature gradient, 2a is the thickness of the grain boundary, and j is the atomic volume] and P ath is the electron wind force given by P ath = (r D /N D )en e j, where r D /N D is the specific resistivity per unit dislocation length, N D is the dislocation density, n e is the electron density, and j is the current density. In EPT, the total driving force is:
where P V is the volume energy and P R is the grainboundary energy. The velocity of the moving boundary during EPT is given by 
where M, the boundary mobility, is usually assumed to vary with temperature according to M = M 0 exp[ÀQ/RT], where M 0 is a constant, T is the absolute temperature, Q is the activation energy for boundary migration, and R is the gas constant. Hence, the effects of rolling reduction corresponding to the driving pressure P and current density corresponding to DP on the velocity of the moving boundary are significant. In the single-phase magnesium alloy AZ31, the stored energy induced by a large rolling strain (31%) exists in the regions of shear band, twin boundaries, and near boundaries. 15 The microstructure result in Fig. 2(a) exhibits a good corresponding explanation. As J m and J e become larger, substantial athermal and thermal effects are produced as P ath and P th increase sharply. Consequently, a higher stored energy results and faster boundary migration ensues, thus stimulating the twin recrystallization process at a relatively low temperature.
It is well known that at a low temperature, the grain boundaries strengthen metals and the dependence of the flow stress, s, is related to the average grain diameter, d, by the Hall-Petch relationship:
, where s 0 and k are constants. The relationship suggests that the YS decreases with increasing grain size, and indeed it has been shown by some studies. 16, 17 However, according to our results, the YS decreases with smaller grain size as shown in Fig. 4 . The results indicate that texture softening is dominant over strengthening because of grain refinement by EPT. In the AZ31 magnesium alloy at room temperature, the CRSS of the basal slip is far lower than that of the nonbasal slip. 18, 19 When the tensile axis is aligned nearly parallel to the basal planes so as to make the resolved shear stress for the basal slip nearly zero, the nonbasal dislocation slip can occur. Here, as shown in Fig. 3(c) , the specimens with the basal planes in most grains inclined 45 against the tensile axis are in tension. In this orientation, basal slip occurs easily because the maximum shear force occurs on the plane to the tensile direction. In this case, texture softening overwhelms strengthening as a result of grain refinement. These results indicate that the inclination of the c-axis toward the tensile direction lowers the YS but improves the EL.
However, the large elongation values shown in Fig. 4 are not expected if the basal slip system is the sole mechanism responsible for plastic deformation. With respect to the von Mises criterion, activation of the nonbasal slip system can provide the five necessary independent systems for homogeneous deformation. Koike et al. 4 explained the compatibility effects on the activation of the nonbasal glide systems in magnesium alloys at room temperature. Figure 6 (a) depicts two separate Mg grains under uniaxial tensile stress. The basal planes are oriented at 45 to the tensile axis in both grains but are tilted by 90 across the grain boundary. If only the basal slip systems are in operation, two grains are deformed to a diamond shape as shown in Fig. 6(b) . If the two deformed grains are bonded at a grain boundary, additional shear stress (compatibility stress) is needed, as indicated by the arrows in Fig. 6(c) , to activate the nonbasal slip systems. This suggests that the basal slip systems cannot operate near grain boundaries unless the nonbasal glide systems become active, otherwise fracture may occur along the grain boundaries. Since the density of mobile dislocations is expected to increase rapidly at this point, a clear stress dropping phenomenon appears as exemplified in Fig. 4 . Therefore, this mechanism causes a decrease in the microscopic strain hardening rate of the basal planes. Consequently, activation of the nonbasal planes plays a significant role in the large increase in the EL and decrease in the strain hardening rate in the EPT samples at room temperature.
V. CONCLUSION
During electropulsing, the thermal and athermal effects provide the additional driving force to enhance boundary migration. This in turn gives rise to complete recrystallization at a relatively low temperature within a few seconds. As recrystallization progresses, the tilted basal textures emerge from the local randomized texture corresponding to the recrystallized grains. The lower yield strength and strain hardening rate in the EPT samples stem from the tilted basal texture away from ND. The EPT process improves the tensile ductility of the samples significantly while only affecting the tensile strength slightly. The activity of the nonbasal slip systems is considered to be responsible for the large tensile ductility and smaller strain hardening rate.
